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ABSTRACT 
U t i l i z i n g  a  one-dimensional  t r a n s p o r t  t heo ry  f o r  heavy ion  p ropaga t ion ,  
e v a l u a t i o n s  of t y p i c a l  energy-independent  t r a n s p o r t  c o e f f i c i e n t  approximat ions  
a r e  made by comparing t h e o r e t i c a l  depth-dose p r e d i c t i o n s  t o  pub l i shed  e x p e r i -  
menta l  va lues  f o r  i n c i d e n t  670 MeV/necleon 2 0 ~ e  beams i n  w a t e r .  R e s u l t s  a r e  
p r e s e n t e d  f o r  c a s e s  where t h e  i n p u t  n u c l e a r  a b s o r p t i o n  c r o s s  s e c t i o n s ,  o r  in- 
p u t  f r a g m e n t a t i o n  pa rame te r s ,  o r  b o t h ,  are f i x e d .  The l a c k  of fragment  charge  
and mass c o n s e r v a t i o n  r e s u l t i n g  from t h e  u s e  of S i lbe rbe rg -Tsao  f r agmen ta t ion  
-. 
pa rame te r s  c o n t i n u e s  t o  be t h e  main s o u r c e  of d i s ag reemen t  between theory  and 
- expe r imen t .  
INTRODUCTION 
A s  t he  e r a  of t h e  Space T r a n s p o r t a t i o n  System p r o g r e s s e s  toward t h e  
development  of a  permanently manned Space S t a t i o n ,  p o s s i b l e  l u n a r  bases and 
manned Mars m i s s i o n s ,  long-term exposure  of a s t r o n a u t s  and s p a c e c r a f t  equip- 
ment t o  l a r g e  f  l u e n c e s  of g a l a c t i c  heavy i o n s  i n d i c a t e s  a need t o  Lnves t iga t :  
methods of s h i e l d i n g  from t h e s e  high-energy i o n s .  Because of s i g n i f i c a n t .  
t e c h n o l o g i c a l  b a r r i e r s ,  a c t i v e  r a d i a t i o n  s h i e l d i n g  methods i n v o l v i n g  e l e c t r o -  
magnet ic  f i e l d s  do no t  appea r  t o  o f f e r  v i a b l e  a l t e r n a t i v e s  t o  bu lk ,  p a s s i v e  
s h i e l d i n g  methods i n  t h e  n e a r  f u t u r e  (To 83) .  To p r o p e r l y  e v a l u a t e  pas s ive  
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s h i e l d  requirements ,  a comprehensive theory  d e s c r i b i n g  t h e  i n t e r a c t i o n  and 
p ropaga t ion  of g a l a c t i c  heavy i o n s ,  and t h e i r  subsequent r e a c t i o n  p roduc t s ,  i n  
t h e  s p a c e c r a f t  s t r u c t u r e  and i n h a b i t a n t s  is required.  In previous  work 
(Wi 8 4 1 ,  an energy-dependent t r a n s p o r t  theory f o r  heavy-ion beams was pre- 
s e n t e d  and comparisons w i t h  an exper imenta l  Bragg average i o n i z a t i o n  curve 
were made. The agreement between theory  and experiment was e x c e l l e n t  when the  
Si lberberg-Tsao f ragmenta t ion  parameters  (S i  77) were renormalized t o  conserve  
fragment mass and charge.  Because of excess ive  computer r e source  requ i re -  
ments,  however, a f u l l y  energy-dependent t r a n s p o r t  c a l c u l a t i o n  f o r  the  corn- 
p l e t e  g a l a c t i c  heavy ion  r a d i a t i o n  spectrum is i m p r a c t i c a l .  T y p i c a l l y ,  
g a l a c t i c  cosmic ray s h i e l d i n g  c a l c u l a t i o n s  (Le 83; Wi 86a)  c t i l i z e  energy- 
independent approximations f o r  t h e  inpu t  t r a n s p o r t  c o e f f i c i e n t s  i n  o rde r  t o  
reduce t h e  requ i red  computer r e sources .  I n  t h e  work desc r ibed  h e r e i n ,  t y p i c a l  
energy-independent approximations a r e  used i n  t h e  fully energy-dependent 
t r a n s p o r t  theory  and t h e  r e s u l t a n t  depth-dose p r e d i c t i o n s  compared wi th  pub- 
l i s h e d  exper imenta l  va lues  f o r  i n c i d e n t  670 MeV/nucleon 2 0 ~ e  beams i n  wa te r  
i n  o r d e r  t o  a s s e s s  t h e  l e v e l s  of inaccuracy in t roduced by t h e s e  inpu t  
approximat ions .  
DEPTH-DOSE EXPRESSIONS 
From before  (Wi 84), t h e  t r a n s p o r t  equa t ion  i n  t h e  s t ra igh-ahead approx- 
ima t ion  and n e g l e c t i n g  t a r g e t  secondary fragments is  w r i t t e n  a s  
where Qj(x,E) i s  t h e  f l u x  of ions  of type j w i t h  atomic mass A, a t  x 
moving a long  the  x-axis a t  energy E i n  u n i t s  of MeV/nucleon, u,(E)  is  the  
cor respond ing  macroecopic n u c l e a r  a b s o r p t i o n  croea s e c t i o n ,  s , (E)  i s  the  
s p e c i f i c  s t o p p i n g  power (change i n  E p e r  u n i t  d i s t a n c e ) ,  and mjk(E) is the  
f r a g m e n t a t i o n  parameter of i o n  j produced i n  c o l l i s i o n  by i o n  k.  The 
t r a n s p o r t  equa t ion  (1) i s  solvedeby t h e  method of c h a r a c t e r i s t i c s  us ing an 
i t e r a t i v e  procedure.  The r e s u l t a n t  s e r i e s  i s  
where a = 1, 2 ,  3,  . . . , denotes  t h e  v a r i o u s  g e n e r a t i o n s  of r e a c t i o n  p roduc t s ,  
and a = 0 is the primary beam. Equat ion (2 )  can be used t o  e v a l u a t e  t h e  
dose  a s  
3 where a  wa te r  d e n s i t y  of 1 g/cm is  assumed. Express ions  f o r  the  doses due t o  
pr imary,  secondary,  and t e r t i a r y  ions  a r e  g iven i n  equa t ions  (91, ( 1 2 )  and 
( 1 5 )  of our  previous  work (Wi 84) and a r e  not  r epea ted  here .  The previous  
c a l c u l a t i o n s  used f u l l y  energy-dependent va lues  fo r  t h e  t r a n s p o r t  c o e f f i c i e n t s  
S j ( E ) ,  a,(E), and Mjt(E) .  The exper imenta l  and c a l c u l a t e d  doses f o r  
670 MeVlneeleon 2 0 ~ e  beams i n  wa te r  a r e  reproduced i n  Fig .  I .  The curve 
l a b e l l e d  ST deno tes  t h e  c a l c u l a t i o n  u s i n g  t h e  S i  lberberg-Tsao f ragmentat ion 
parameters  (Si 77) augmented by t h e  l i g h t  fragment p roduc t ion  c r o s s  s e c t i o n s  
of B e r t i n i  (Be 68). The curve  l a b e l l e d  VR denotes  t h e  c a l c u l a t i o n  us ing the  
renormal ized f ragmentat ion parameters  which conserve  fragment mass and charge .  
The m u l t i p l i c a t i v e  renormal iza t ion  f a c t o r  is 
where Zs and AS a r e  t h e  t o t a l  fragment charge  and mass obta ined from the  
semiempi r i ca l  formulae ( S i  77) ,  and Z p  and Ap a r e  t h e  i n c i d e n t  p r o j e c t i l e  
i o n  charge  and mass. T y p i c a l  d i f f e r e n c e s  between theory and experiment b e f o r e  
t h e  Bragg peak a r e  1-3% f o r  t h e  VR c a l c u l a t i o n s  and up t o  20% f o r  the  ST c a l -  
c u l a t i o n s .  Beyond t h e  Bragg peak t h e  d i f f e r e n c e s  a r e  -25% f o r  the  VR c a l c u l a -  
t i o n  and n e a r l y  a  f a c t o r  of 3 f o r  t h e  ST c a l c u l a t i o n .  
INPUT PARAMETER APPROXIMATION RESULTS 
Nuclear Absorption Cross S e c t i o n s  
T y p i c a l  g a l a c t i c  cosmic ray  t r a n s p o r t  c a l c u l a t i o n s  u t i l i z e  energy- 
independent a b s o r p t i o n  c r o s s  s e c t i o n s ,  aij,  obta ined from some form of t h e  
Bradt-Peters  p a r a m e t e r i z a t i o n  (Br 50) 
where ro and 6 a r e  energy-independent parameters  which have been f i t t e d  t o  
a  p a r t i c u l a r  s e t  of c r o s s  s e c t i o n  d a t a  and Ai and A j  a r e  the  mass numbers 
of t h e  c o l l i d i n g  n u c l e i .  While c e r t a i n l y  adequate f o r  high e n e r g i e s  where the  
c r o s s  s e c t i o n s  a r e  n e a r l y  asymptot ic ,  s i g n i f i c a n t  d i f f e r e n c e s  e x i s t  (To 8 6 1 ,  
a t  e n e r g i e s  below 2 GeV/nucleon, between exper imenta l  d a t a l d e t a i l e d  t h e o r e t i -  
c a l  formalisms and t h e  va lues  p r e d i c t e d  by equa t ion  ( 5 ) .  
To t e s t  the  s e n s i t i v i t y  of t h e  dose p r e d i c t i o n s  t o  the  a b s o r p t i o n  c r o s s  
s e c t i o n  energy dependence, t h e  
. ,  were f i x e d  a t  t h e i r  2 GeV/nucleon v a l u e s ,  
which a r e  r e p r e s e n t a t i v e  of t h e  asymptot ic  r e s u l t s  obta ined from equa- 
t i o n  (5) .  The i n p u t  f r agmenta t ion  parameters  used i n  the  c a l c u l a t i o n s  were 
t h e  f u l l y  energy-dependent ones. The r e s u l t s  a r e  d i sp layed  i n  Fig. 2 a s  the  
r a t i o s  of c a l c u l a t e d  t o  exper imenta l  doses.  For t h e  renormalized fragmenta- 
t i o n  parameter p r e d i c t i o n s  ( l a b e l  VR) t h e  c a l c u l a t e d  dose is  underes t imated by 
< 10% b e f o r e  t h e  Bragg peak and by up t o  35% beyond t h e  Bragg peak. For th-  
unrenormal ized f ragmenta t ion  parameters  ( l a b e l  ST) t h e  c a l c u l a t e d  dose is  
underes t ima ted  by up t o  33% b e f o r e  t h e  Bragg peak and by almost  a  f a c t o r  of 4 
beyond t h e  Bragg peak. 
Nuclear Fragmentation Parameters  
Aside from t h e  use of energy-independent a b s o r p t i o n  c r o s s  s e c t i o n s ,  
a n o t h e r  p o s s i b l e  s i m p l i f i c a t i o n  t o  t h e  heavy i o n  t r a n s p o r t  problem is  the  use 
of energy-independent f r agmenta t ion  parameters .  To t e s t  t h i s  approximat ion,  
dose  c a l c u l a t i o n s  f o r  t h e  2 0 ~ e  beam i n  wa te r  were performed us ing  fragmenta- 
t i o n  pa ramete r s  
mjk f i x e d  a t  t h e  va lues  a p p l i c a b l e  t o  t h e  i n c i d e n t  beam 
energy of 670 ~ e V / n u c l e o n .  The a b s o r p t i o n  c r o s s  s e c t i o n s  were f u l l y  energy- 
dependent.  The r e s u l t s  a r e  d i s p l a y e d  i n  Fig .  3 a s  t h e  r a t i o s  of c a l c u l a t e d  t o  
exper imenta l  doses.  For t h e  VR f ragmenta t ion  pa ramete r s ,  the  c a l c u l a t e d  dose 
is  w i t h i n  3% of t h e  exper imenta l  dose  i n  t h e  reg ion  b e f o r e  t h e  Bragg peak and 
g e n e r a l l y  w i t h i n  10% beyond t h e  Bragg peak. For t h e  ST f ragmenta t ion  param- 
e t e r s ,  t h e  c a l c u l a t e d  dose underes t imates  t h e  exper imenta l  dose by up t o  20% 
b e f o r e  t h e  Bragg peak and by a  f a c t o r  of two beyond i t .  Thus, a s  long a s  
fragment charge  and mass a t e  conserved,  t h e  use  of energy-independent 
f r a g m e n t a t i o n  parameters may be reasonable .  Recen t ly ,  an  energy-independent 
f r agmenta t ion  model, which conserves  fragment charge  and mass wi thout  
r e n o r m a l i z a t i o n ,  has been developed (Wi 86b) f o r  use  i n  heavy ion  t r a n s p o r t  
s t u d i e s  and w i l l  be incorpora ted  i n t o  t h e  e x i s t i n g  t r a n s p o r t  codes i n  the  nea r  
f u t u r e .  
Fragmentation Parameters and Nuclear Absorpt ion Fixed 
F i n a l l y ,  we t e s t  t h e  s e n s i t i v i t y  of the  t r a n s p o r t  c a l c u l a t i o n s  t o  the  
combined use  of energy independent f r agmenta t ion  parameters  and n u c l e a r  
absorption cross sections. The fragmentation parameters were fixed at their 
values for an incident energy of 670 MeV/nucleon and the nuclear absorption 
cross sections were fixed at the asymptotic values for 2 GeV/nucleon incident 
beam energy. The results for 670 MeV/nucleon 20~e in water are displayed in 
Fig. 4 as the ratio of calculated to experimental dose as a function of ab- 
sorber depth. In the region before the Bragg peak, the VR calculation under- 
estimates the dose by up to 13% whereas the ST calculation underestimates by 
up to 35%. Beyond the Bragg peak, the doses are underestimated by < 282 for 
the VR calculation and by factors of 2-3 for the ST calculation. 
Stopping Power 
For all calculations performed in this parameter study, the fully energy- 
dependent stopping powers obtained by summing the electronic and nuclear con- 
tributions according to the methods described elsewhere (Wi 84) are used. 
Results obtained with a simplified power law range-energy relation are pre- 
sented elsewhere (Wi 86a) and will not be discussed in this work. 
CONCLUSIONS 
Utilizing energy-independent transport coefficient approximation, depth- 
dose calculations for 670 MeV/nucleon 20~e beams in thick water absorbers have 
been performed and comparisons to experimental data made. The results indi- 
cate that the accuracies of the predicted doses are least affected by the use 
of the energy-independent fragmentation parameters, if they are renormalized 
to conserve charge and mass. The typical error is less than 10% if fully 
energy-dependent absorption cross sections are used. The use of enetgy- 
independent absorption cross sections resulted in dose underestimates of up to 
35% for the calculations utilizing renormallzed fragmentation parameters. 
C l e a r l y ,  however, the  l a c k  of charge  and mass c o n s e r v a t i o n  i n  t h e  S i l b e r b e r g -  
Tsao f r a g m e n t a t i o n  parameters  i n t r o d u c e s  t h e  most s i g n i f i c a n t  e r r o r s  i n t o  t h e  
c a l c u l a t i o n s .  Without r enormal iz ing  t h e s e  parameters  t o  conserve  fragment 
mass and charge ,  t h e  p r e d i c t e d  doses  underes t imate  t h e  measured doses by 
20-40% b e f o r e  t h e  Bragg peak and by a f a c t o r  of 2-4 a f t e r  t h e  Bragg peak. 
F i n a l l y ,  i t  should  be emphasized f o r  r a d i a t i o n  p r o t e c t i o n  s t u d i e s  t h a t  c a r e  
must be e x e r c i s e d  I n  i n t e r p r e t i n g  t h e s e  r e s u l t s .  Because of s i g n i f i c a n t  
d i f f e r e n c e s  i n  r a d i o b i o l o g i c a l  equ iva lences  (RBE) f o r  t h e  v a r i o u s  components 
of t h e  mixed r a d i a t i o n  f i e l d  i n  t h e  a b s o r b e r ,  l a r g e  e r r o r s  i n  b i o l o g i c a l  dose 
p r e d i c t i o n s  may e x i s t  even though reasonab le  agreement wi th  the  exper imenta l  
Bragg curve  i s  obta ined.  Hence, i t  is  imperat ive  t h a t  t r a n s p o r t  t h e o r i e s  be 
capable  of p rov id ing  a c c u r a t e  p r e d i c t i o n s  of t h e  r a d i a t i o n  f i e l d  composit ion 
and no t  j u s t  approximate e s t i m a t e s  of t h e  t o t a l  p h y s i c a l  dose.  
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Figure  Captions 
F igure  1.- Energy d e p o s i t i o n  i n  water  by 670 MeV/nucleon 2 0 ~ e  ions .  F u l l y  
energy-dependent c a l c u l a t i o n s  us ing Si lberberg-Tsao (ST) and 
renormal ized (VR) f ragmenta t ion  parameters  a r e  d i s p l a y e d .  Also 
d i s p l a y e d  a r e  exper imenta l  r e s u l t s  from Lawrence Berheley 
Laboratory.  The dose r e l a t i v e  t o  z e r o  absorber  i s  d i sp layed  on t h e  
o r d i n a t e .  
F i g u r e  2.- R a t i o  of c a l c u l a t e d  t o  exper imenta l  doses ,  a s  a  f u n c t i o n  of depth  
i n  wa te r ,  f o r  a  670 MeV/nucleon 2 0 ~ e  beam. The c a l c u l a t i o n s  
u t i l i z e d  energy-dependent renormalized ( V R )  and unrenorrnalized ( S T )  
Silberberg-Tsao f ragmenta t ion  parameters ,  and energy-independent 
n u c l e a r  a b s o r p t i o n  c r o s s  s e c t i o n s .  For r e f e r e n c e ,  the  Bragg peak 
l o c a t i o n  is l a b e l l e d  (BPI. 
F i g u r e  3.-  R a t i o  of c a l c u l a t e d  t o  exper imenta l  doses ,  a s  a  f u n c t i o n  of depth  
i n  wa te r ,  f o r  a  670 ~ e V / n u c l e o n  2 0 ~ e  beam. The c a l c u l a t i o n s  used 
energy-independent renormalized (VR) and unrenormalized (ST) 
Silberberg-Tsao f ragmenta t ion  parameters .  The n u c l e a r  a b s o r p t i o n  
c r o s s  s e c t i o n s  were f u l l y  energy-dependent. For r e f e r e n c e ,  the  
Bragg peak l o c a t i o n  is l a b e l l e d  (BPI. 
F i g u r e  4.- R a t i o  of c a l c u l a t e d  t o  experimented doses ,  a s  a  f u n c t i o n  of depth  
i n  water ,  f o r  a  670 MeV/nucleon 2 0 ~ e  beam. The c a l c u l a t i o n s  used 
bo th  energy-independent nuc lea r  a b s o r p t i o n  c r o s s  s e c t i o n s ,  and 
Silberberg-Tsao (ST) and renormalized (VR) f ragmenta t ion  
parameters.  For r e f e r e n c e ,  t h e  Bragg peak l o c a t i o n  i s  l a b e l l e d  
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